Klebsiella pneumoniae carbapenemase (KPC)-producing
Klebsiella pneumoniae carbapenemase (KPC) is an Ambler class A ␤-lactamase that confers resistance to all ␤-lactam agents, including carbapenems, cephalosporins, penicillins, and the monobactam aztreonam (20) . KPC was first reported in a K. pneumoniae isolate from North Carolina in 1996 (32) . Although this enzyme has been found primarily in K. pneumoniae, KPC has been identified in several other gram-negative bacilli, such as Citrobacter freundii (9, 21) , Enterobacter aerogenes (4), Enterobacter cloacae (4, 9) , Enterobacter gergoviae (9) , Escherichia coli (3, 18) , Klebsiella oxytoca (34) , Pseudomonas aeruginosa (26) , Salmonella enterica (14) , and Serratia marcescens (9) . Because the bla KPC gene is plasmid mediated and is carried in a Tn3-based transposon, Tn4401 (16) , the potential ease of mobility of this resistance mechanism is a major concern.
Although the first health care-associated outbreaks of KPCproducing bacteria occurred in New York City (4, 31) , recent reports indicate that these bacteria are globally prevalent and not limited to the northeastern United States. KPC-producing Enterobacteriaceae isolates have been identified in at least 33 U.S. states and have been reported in Brazil, China, Colombia, France, Greece, India (CDC, unpublished data), Israel, Norway, Scotland, and Sweden (6, 7, 15, 17, 19, 22, 23, 25, 27, 29) . To better characterize the dissemination of this resistance mechanism, we used pulsed-field gel electrophoresis (PFGE), multilocus sequence typing (MLST), sequencing of the bla KPC gene, PCR mapping of the Tn4401 flanking regions, and plasmid analysis to examine the molecular epidemiology of KPCproducing K. pneumoniae isolates sent to the CDC for reference testing from 1996 to 2008. The isolates we examined in this study were from 16 U.S. states, India, and Israel.
(This information was presented at the 48th annual Interscience Conference on Antimicrobial Agents and Chemotherapy and at the 46th annual meeting of the Infectious Diseases Society of America, Washington, DC, 28 October 2008.)
MATERIALS AND METHODS
Bacterial strains. K. pneumoniae isolates sent to the CDC for reference antimicrobial susceptibility testing were analyzed by PCR for bla KPC if the MIC was Ն2 mg/liter for any of the carbapenems (imipenem, meropenem, or ertapenem) or if the isolate tested positive by the modified Hodge test (1) . Limited clinical information was available for most isolates including the specimen type (e.g., blood, urine, sputum, or wound swab) used for sample isolation. No recognized epidemiologic connections between isolates from different geographic locations were known, although it has recently been suggested that there may be an association between a subset of K. pneumoniae isolates from Israel and isolates from the United States (19) .
PFGE. KPC-positive K. pneumoniae isolates representing diverse geographic locations were subsequently typed by PFGE of XbaI-digested total DNA as described for E. coli (http://www.cdc.gov/PULSENET/protocols.htm), resulting in a database of 248 PFGE patterns (Fig. 1) . These isolates were originally received from New Jersey (26%), New York (25%), Arizona (15%), and 15 other states that represent each geographic region of the continental United States and account for 0.3% to 6.5% of the KPC-positive K. pneumoniae PFGE database. This database also included representative isolates from an outbreak in Israel (2.8%) and isolates from India (0.8%).
Selection of representative isolates. A dominant PFGE pattern with Ն80% similarity was observed in 172 isolates (69.3% of the database). To understand the significance of PFGE pattern similarities and differences, we selected 23 KPC-positive K. pneumoniae isolates for further analysis. Representative isolates were selected on the basis of variation in PFGE pattern and diversity of geographic location (Fig. 2) . Of these .fr/recherche/genopole/PF8/mlst/Kpneumoniae.html). These experiments were performed at a separate institution where researchers were blinded to previously established PFGE typing results on the 23 representative isolates. MLST results were compared to the international K. pneumoniae MLST database created in 2005 at the Pasteur Institute in Paris, France (10) .
Sequencing of the bla KPC gene. The KPC subtype of the 23 isolates was determined by amplification of a 1,011-bp PCR product and bi-directional DNA sequence analysis using previously described primers (21) .
Surrounding genetic environment. The Tn4401 regions that flank the bla KPC gene were initially analyzed by multiplex PCR using recently described primers (16) . To focus on the only documented nonconserved region of the Tn4401 structure, located between the istB and bla KPC genes (16), we performed an additional PCR and subsequent bi-directional DNA sequence analysis using a previously described forward primer, 5Ј-TGA CCC TGA GCG GCG AAA GC-3Ј (16), and reverse primer, 5Ј-CAC AGC GGC AGC AAG AAA GC-3Ј.
Plasmid analysis. E. coli DH10B (Invitrogen, Carlsbad, CA) was transformed by electroporation (Gene Pulser Xcell; Bio-Rad, Hercules, CA) with plasmid DNA prepared from the K. pneumoniae isolates, using a Qiagen plasmid midi kit (Qiagen, Chatsworth, CA). Transformants, selected on LB agar plates containing 2 g/ml ceftazidime and 1 g/ml ertapenem, were screened by PCR for the presence of the bla KPC gene. Plasmid DNA from transformants were compared by restriction digestion with HindIII and gel electrophoresis (Fig. 3) .
RESULTS AND DISCUSSION
Comparison of PFGE and MLST results. Of the isolates tested, the MLST results strongly agreed with the PFGE data and showed that the isolates with Ն80% similarity in PFGE patterns (n ϭ 13) all shared the same MLST sequence type (ST) (Fig. 2) . Furthermore, this MLST type did not match any of the previously recorded 256 STs in the international MLST database for K. pneumoniae isolates (10) . This novel ST that represents the dominant PFGE pattern in the CDC's K. pneumoniae database was designated ST 258 and is a single-locus variant of ST 11; the latter has been described in Hungarian K. pneumoniae isolates that produce the CTX-M-15 extendedspectrum ␤-lactamase (8) . All of the other detected STs that shared Ͻ80% similarity in PFGE patterns with those of ST 258 (n ϭ 10) were neither single-nor double-locus variants of ST 258, and none of them have been associated with the dissemination of either extended-spectrum ␤-lactamases or carbapenemases. Two other novel STs were detected: (i) ST 257, later shown to be a double-locus variant of ST 334; and (ii) ST 259, a single-locus variant of ST 105. The discriminatory power of MLST being lower than that of PFGE represents an advantage in the identification of international clonal complexes, a point that has been previously made regarding P. aeruginosa (11, 12) .
MLST and PFGE data were helpful in identifying possible dissemination of isolates in a limited geographic region. We found that isolates from Missouri (2006) and Michigan (2007) which share Ͼ76% similarity in PFGE patterns were of the same MLST type, ST 14 (Fig. 2) . ST 14 is the primary founder of clonal complex 14, which comprises four other STs, including ST 15. Like ST 11, ST 15 has been associated with the spread of CTX-M-15-producing K. pneumoniae in Hungary (8), whereas ST 14 has been described in a blood culture isolate from Italy with high-level resistance to ceftazidime (10) . When the entire KPC-producing K. pneumoniae PFGE database was examined for similar PFGE patterns, three isolates from Illinois (2008) with patterns with a range of Ͼ76% to Ͼ97% similarity to those of the Missouri and Michigan isolates were identified (Fig. 1) . The finding of isolates that share common PFGE patterns and MLST types that are distant from the dominant PFGE pattern seen in the database appears to represent dissemination of a different strain in the midwestern United States (2) .
Characterizing KPC subtype and the genetic environment that surrounds the bla KPC gene. Currently, seven different variants of the KPC enzyme (KPC-2 through KPC-8) have been reported in GenBank. KPC-1 was recently shown to have a sequence identical to that of KPC-2 (33). Sequencing of the bla KPC gene showed that 10 of the 23 isolates produced KPC-2 and 13 of the 23 isolates produced KPC-3 (Fig. 2) . Although these isolates differed in KPC subtype, the difference between bla KPC-2 and bla KPC-3 is a single base change. An interesting correlation between KPC subtype and MLST type was observed: the majority of the 13 isolates determined to be ST 258 (n ϭ 10) produced KPC-3, and the majority of the 10 isolates that were not ST 258 (n ϭ 7) produced KPC-2. This observation could suggest an association between isolates that both are ST 258 and possess a KPC-3; however, a larger number of isolates would need to be tested in order to make this conclusion.
The Tn4401 regions that flank the bla KPC gene were initially analyzed by multiplex PCR and resulted in the observation of three distinct band patterns. We then performed an additional focused PCR and subsequent bi-directional DNA sequencing on the only documented nonconserved region of the Tn4401 structure, located between the istB and bla KPC genes (16) . We found that 17 of the isolates produced a 703-bp PCR product (no deletion), three of the isolates produced a 604-bp PCR product (100-bp deletion), and three of the isolates produced a 448-bp PCR product (255-bp deletion) (Fig. 2) . This observation may explain the three distinct band patterns that were observed in the preliminary multiplex PCR. Previous reports describe a 100-bp deletion in the nonconserved region of the Tn4401 element (GenBank accession no. EU176011) (16) that is identical to the 100-bp deletion seen in this study. Previous reports also describe a 215-bp deletion (GenBank accession no. DQ989640) that is encompassed by the 255-bp deletion that we observed.
The 13 isolates that were ST 258 demonstrated all three of the observed variable regions between the istB and bla KPC genes (Fig. 2) . It is interesting to note that all ST 258 isolates from the United States that contained a KPC-3 (n ϭ 9) had no deletion in the variable region of Tn4401 but the ST 258 isolate from Israel that also contained a KPC-3 exhibited a 100-bp deletion in this region. In addition, the three ST 258 isolates that contained a KPC-2 demonstrated both a 100-bp deletion (n ϭ 2) and a 255-bp deletion (n ϭ 1) in this variable region. This 255-bp deletion was also seen in K. pneumoniae isolates with unrelated MLST types from Massachusetts, Maryland, and Missouri, all of which contained a KPC-2 (Fig. 2) .
Restriction analysis of bla KPC -containing plasmids. To analyze plasmids carrying the bla KPC gene, plasmid DNA was prepared from the 23 isolates, and transfer to E. coli DH10B by electroporation was attempted. Only 20 transformations were successful, despite repeated attempts. The inability to transfer bla KPC by transformation with plasmid DNA from the California, Virginia, and India strains, which each displayed PFGE and MLST profiles different from those of other study isolates, could be due to a chromosomal location of the gene. Chromosomal insertion of bla KPC was reported in a P. aeruginosa isolate from Colombia (26).
Restriction profiles of the bla KPC -containing plasmids isolated from E. coli transformants resulted in several diverse band patterns (Fig. 3) . In particular, the 13 isolates that were ST 258 (Fig. 3, lanes 2 to 14) exhibited at least five different plasmid restriction profiles. Similar plasmid restriction profiles were observed between isolates with different MLST types (e.g., Fig. 3, lanes 16 and 20) . Plasmid restriction profiles did not correlate with KPC subtype data; however, it appears that isolates with similar deletions in the Tn4401 element may correlate with similar restriction profiles.
Pairs of ST 258 isolates with similar molecular characteristics (plasmid restriction profiles, KPC subtype, and Tn4401 profiles) were observed in New Mexico and Arizona (Fig. 3,  lanes 6 and 13) , Arizona and Colorado (lanes 3 and 10), and Pennsylvania and Delaware (lanes 5 and 9) isolates. These findings may represent regional dissemination of ST 258 isolates. Overall, ST 258 isolates demonstrated diversity in these molecular characteristics. This could mean that a single ST 258 isolate acquired a bla KPC -containing plasmid and then evolved with possible transposition of Tn4401 from one plasmid to another, or that multiple ST 258 isolates acquired plasmids carrying the bla KPC gene at different times.
Outbreaks of KPC-producing K. pneumoniae were first observed in health care settings in the northeastern regions of the United States a decade ago (5, 24, 31) ; these extensively drugresistant organisms have now spread throughout the country. The CDC's collection of isolates contains strains of KPC-positive K. pneumoniae from throughout the continental United States as well as isolates from India and Israel. Our findings indicate that strains of a single lineage, ST 258, account for almost 70% of all isolates in the CDC's KPC-producing K. pneumoniae PFGE database (Fig. 1) . In addition to these related organisms being isolated in 10 different states representing the Northeast, the South, the Midwest, and the western regions of the United States (Fig. 4) , a representative KPC-3-producing K. pneumoniae isolate from an outbreak in Israel (19) was also determined to be ST 258. This Israeli isolate had plasmid restriction and Tn4401 profiles that were similar to those of ST 258 isolates from the United States (e.g., ST 258 from Georgia and New York [ Fig. 3, lanes 4 and 11, respectively] ). KPC-producing ST 258 was also recently identified in isolates from Norway and Sweden obtained from patients with prior hospitalization in Greece and Israel (23) . These findings suggest possible international dissemination of KPC-producing ST 258.
Our study has identified another strain of KPC-producing K. pneumoniae, ST 14, which was isolated in various facilities in the midwestern United States. Although a variety of K. pneumoniae strains may harbor plasmids carrying the bla KPC gene, our data suggest that certain strains may be more widely distributed (both regionally and nationally) in the United States. These findings are reminiscent of the widespread dissemination of methicillin-resistant Staphylococcus aureus strain USA300, and the Clostridium difficile strain NAP1 (13, 28) . Identification of related KPC-producing K. pneumoniae strains could represent either a strain that has successfully disseminated over a wide geographic region or a strain that more readily acquires or maintains this resistance mechanism. Nevertheless, the recognition of a common strain type of KPCproducing K. pneumoniae is an important step toward devel- on October 15, 2017 by guest http://aac.asm.org/ oping additional targeted strategies to prevent the spread of these pathogens (30) .
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FIG. 4. Map of the United
States identifying states that currently have known KPC-producing Enterobacteriaceae (shaded in gray) (n ϭ 33).
States that have KPC-producing K. pneumoniae isolates identified by this study as MLST ST 258 are marked with a target symbol. We also identified ST 258 in an isolate from Israel. These data are based on a passive reporting system that relies on isolates voluntarily sent to the CDC for KPC testing. Thus, states on this map that are not marked to indicate known KPC-producing Enterobacteriaceae (white) have neither reported nor voluntarily sent isolates to the CDC. 
